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ABSTRACT
The presence of friction generators1 such as bus-stops, intersections, petrol pumps and pedestrian
crossings, etc. significantly influences the speed of traffic stream. Among all the friction
generators, understanding the impact of bus-stops is particularly important from planning and
modeling perspective in the Indian context. Therefore, this study presents a methodology to
quantify the impact of bus-stops on the speed of other motorized vehicles (the total motorized
vehicle fleet minus the buses) under heterogeneous traffic conditions. The methodology was
validated on the typical urban arterials in Delhi, India. Two types of data, location of bus-stops
and speed profiles of motorized vehicles, were collected by GPS and V-box respectively. These
two data sets were mapped and merged using ArcGIS. To understand the nature of traffic stream
near bus-stops, ‘influence regions’ of bus-stops were extracted. Later, characteristic parameters
such as lengths of the influence regions and average speeds in the influence regions were
computed. Finally, 95% confidence intervals of these characteristic parameters were obtained
and regression analysis was performed to quantify the impact of bus-stops on the speed of
motorized vehicles. The results of study suggest that the influence region of bus-stops on the
corridors investigated varies from 140–170 meters and average speed of motorized vehicles in
the influence region is reduced by 26–38% of the free flow speed. These findings can better
inform planners about the speeds used in traffic flow and travel demand modeling under
heterogeneous conditions by helping them in accounting for the speed-reducing impacts of bus-
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1In the present study, friction generator is the name given to any user discomfort generated by the structural
elements of roads and traffic system as evidenced by vehicle trajectories.
 This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
stops. Moreover, transit planners may also consider the magnitudes and characteristics of the
influence regions of bus-stops while determining their locations along the corridor to minimize
their adverse impacts on the speed of other motorized vehicles. 
1. INTRODUCTION
Most Indian cities have highly mixed road traffic with non-motorized and motorized
vehicles sharing the road space. Such a heterogeneous traffic stream consists of vehicles
that have different speeds, sizes, operating characteristics, vehicle spacing, and no
single vehicle group clearly dominates the traffic stream. Thus the speed of the traffic
stream is more sensitive to the vehicle mix as compared to the western countries where
the passenger car group largely dominates the traffic composition. Moreover, the
presence of friction generators (bus-stops, intersections, petrol pumps, etc.)
considerably affects the speed of traffic stream. While defining a relationship between
theoretical and actual free flow speeds for urban streets in the United States, the
Highway Capacity Manual (HCM) [1] includes an adjustment factor (fA) to account for
the effects of these friction generators as shown in Equation 1. 
FFS = BFFS-f
LW
-f
LC
-f
M
-f
A
(1)
where,
FFS = Actual free flow speed (mi/h), 
BFFS = Theoretical free flow speed (mi/h),
fLW = Adjustment factor for lane width (mi/h), 
fLC = Adjustment factor for lateral clearance (mi/h), 
fM = Adjustment factor for median type (mi/h), 
fA = Adjustment factor for friction generators (mi/h)
This adjustment factor (fA) given in the HCM has a linear relationship with the
density of friction generators (d, number of friction generators per mile) as shown in
Equation 2. 
(2)
The relationship stated in Equation 2 is valid for homogeneous traffic conditions but
may not fit in the heterogeneous traffic conditions, especially in non-lane-based
roadways that populate the developing world. Therefore, there is a need to find such a
relationship under heterogeneous traffic conditions. 
Among all the friction generators, understanding the impact of bus-stops is
essentially important from the planning and modeling perspective. Hossain and Hasan
[2], Koshy and Arasan [3], and Zhao et al. [4] focused on operational impacts of bus-
stops in the mixed traffic conditions. Furth and SanClemente [5] and Alonso et al. [6]
addressed issues of delay and congestion while setting the location of bus-stops.
Moreover, Yue and Wen [7] and Yang et al. [8] found that the presence of bus-stops
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causes a decrease in the effective lane width at that point which directly affects the
traffic capacity of the street. 
Though the above mentioned studies addressed various planning and modeling
aspects of bus-stops under mixed traffic conditions, none of them explicitly analyzed
the impact of bus-stops on the speed of traffic stream. Therefore, this study develops a
methodology and quantifies the impact of bus-stops on the speed of motorized vehicles
under heterogeneous traffic conditions. Moreover, qualitative insights about the adverse
impacts of other types of friction generators are also drawn. The organization of the
paper is as follows: Section 2 focuses on data collection, pre-processing, and
visualization, whereas Section 3 describes methodological approach and its various
components including results. Subsequently, Section 4 summarizes the conclusions of
the study. 
2. DATA COLLECTION AND PRE-PROCESSING
2.1 Data Collection
For this study, a typical arterial street of Delhi, Khel Gaon Marg, was selected and data
were collected from January to May 2010. At Khel Gaon Marg, traffic modes are not
segregated and there is minimal enforcement of speed limits. In this situation, flow
patterns result in a natural optimization of road use due to self-organization by road
users. Khel Gaon Marg is a 12 km long main arterial road with signalized junctions on
its divided six lanes and does not provide any lane restrictions depending on the vehicle
mode. Thus, traffic conditions at this selected corridor represent heterogeneous operating
environments on typical urban streets of India. Geometrical and operational nature of
Khel Gaon Marg was captured in terms of number of friction generators along this route
(Table 1). Friction generators were classified into four categories: bus-stop, 4-way
intersection, 3-way intersection and others (petrol pump, pedestrian crossing etc.).
Two types of data set were collected from selected corridor: (a) speed profiles of
motorized vehicles (b) location of friction generators. Speed profile data were collected
using a VBOX device, manufactured by Race Logic, UK. This study principally
focuses on the effects of bus-stops on the traffic stream and buses are not actually forced
to stop at bus-stops but are required to stop there for boarding and alighting of bus
commuters. Therefore, buses were excluded from data collection as their own speeds
are not actually affected by bus-stops. In total, nine round trips (up and down, 18
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Table 1: Number of friction generators along both sides of each corridor 
Type of friction generator Khel gaon marg
Side 1 Side 2
Bus-stop 10 16
4-way intersection 8 8
3-way intersection 12 11
Others 10 7
Total 40 42
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individual trips) were carried out by travelling with VBOX in each prevalent class of
vehicles, i.e. car, two-wheeler (motorcycle), and three-wheeler (auto rickshaw). Out of
these nine round trips, four trips were made in weekday’s peak hours, two in weekday’s
non-peak hours, two in weekend’s peak hours and one trip in weekend’s non-peak
hours. Based on the change in the values of latitudes and longitudes measured after a
‘trigger time’ of 0.1 second, the device allows ‘on board measurement’ of numerous
parameters such as time, speed, distance, and radius of turn.
In the initial stages of the study, it was planned to understand the adverse impacts of
all types of friction generators shown in Table 1. Considering various methodological
constraints such as incorporating signal controls while quantifying impacts of 4-way
signalized intersections, the current study focuses only on the impact of bus-stops.
However, according to the initial methodology, locations of all types of friction
generators were collected using a handheld GPS, TRIMBLE JUNO SB which captures
geographical coordinates (latitude and longitude) of friction generators and allows
manual insertion of additional features like type of friction generator, number of lanes,
and location. The locations of all types of friction generators allowed us to draw visual
and a qualitative interpretation of the classification of friction generators based on their
impacts as discussed in Section 2.3. 
2.2 Data Pre-processing (Extraction and Merging)
Ensuring ease in handling and analysis of data, speed profile data and locations of
friction generators were extracted in spreadsheet format with the help of V-BOX tools
and GPS Pathfinder Office respectively. These stand-alone data sets were not providing
any substantial information. Therefore, they were merged to analyze the nature of speed
profiles in the influence region of friction generators (specifically bus-stops). ArcGIS
9.2 and Microsoft Access were employed for this purpose. Both data sets were plotted
in two different layers and then they were merged by setting distance as the merging
criteria. One friction generator was assigned as a reference point with “distance 0” and
correspondingly other friction generators were allotted with distances from this
assigned reference point. As both data sets were collected from different devices, a
problem of precision tolerance arose. To resolve this problem, the distances were
converted in the integer values. 
The part of merged data is shown in Table 2. The first six columns belong to dataset 1
and last three columns belong to dataset 2. For further analysis, three relevant parameters:
speed, distance, and type of friction generator were extracted in a separate spreadsheet for
each trip. During data collection, VBOX faced technical inconsistencies in a few trips,
giving rise to a few missing data points. Trips having such problems were discarded from
further analysis. After discarding problematic trip data, Out of total 54 one-sided trips, 39
trips remained for further analysis as shown in Table 3. 
2.3 Data Visualization
To understand the variation of speeds near friction generators, speed profile (distance
vs. speed plot) for each trip was plotted and names of the friction generators were
spotted on the X-axis as shown in Figure 1. It was observed that at several instants, 
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a single speed drop was caused by combined effect of 2 or more nearby existing friction
generators. It can be validated from Figure 1 having a speed drop due to combined
effect of bus-stop and 4-way intersection. Therefore, friction generators can be
classified according to the effect caused by them i.e. effect caused by single friction
generator or multiple friction generators. After carefully visualizing speed profiles of all
the trips, each substantial speed drop was designated as a specific type of friction
generator. The summary of total number of friction generators of each type is shown in
Table 3. This study only focuses on the adverse impacts of bus-stops having a stand-
alone effect, excluding bus-stops having combined effect. Table 3 shows that the total
number of such stand-alone bus-stops in all trips made by all modes is 33. It is
important to note that a large proportion of the friction generators affect the traffic
stream in combination of one another and therefore, the combined effect of these
friction generators should be studied separately in future research.
3. METHODOLOGICAL APPROACH
This section focuses on methodology developed by authors to quantify the impact of
bus-stops. As an initial step, the influence region of each bus-stop was extracted. As per
this study’s terminology, the influence region of bus-stop starts from a point (I1 in
Figure 2) where vehicle starts decelerating and ends at a point (I2 in Figure 2) where
Figure 1. Speed profile reflecting combined effect of bus-stop and 4-way
intersection
vehicle attains cruise speed (similar to free flow speed). To obtain the influence region
of a bus-stop, cruise speed needs to be obtained first. In this study, cruise speed is
defined as a speed of the vehicle if there is no friction generator on the route i.e. average
speed of a vehicle in the trip after removing all speed drops (Region between point R1
and R2 in Figure 2) caused by friction generators. It is calculated for a trip i.e. its value
remains same for extraction of influence regions of all bus-stops belonging to a same
trip. It was impractical to remove all speed drops manually to obtain cruise speeds as
well as to extract influence regions of all bus-stops manually. At the same time, it was
difficult to write a program to automate abovementioned tasks because of inherent noise
in the speed profiles. Therefore, speed profile of all the trips were de-noised or
smoothened and details of the smoothening algorithm are given in Section 3.1. 
The proposed methodology includes following steps:
1. Smoothen the speed profiles of all trips
2. Obtain cruise speed (CS) for all trips after removing all speed drops
3. Extract influence regions of the bus-stops of all the trips
4. Obtain values of characteristic parameters of influence region- a) length of
influence region (LIR), b) average speed in the influence region (AS), c) percentage
drop in average speed as compared to cruise speed (SD), and d) time lag (TL),
computed according to the Equation 3 below. 
5. Calculate 95% confidence interval of the characteristic parameters, perform
regression analysis to obtain relationships among them and report the final results. 
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Figure 2. Original and smoothened speed profiles explaining terminologies of
study
(3)
3.1 Smoothening of Speed Profiles
As data was collected in real world traffic conditions, a lot of noise and discontinuity
were present in it. De-noising or smoothening of data was very critical to follow up with
other steps of the methodology. The objective of smoothening process was to preserve
the critical points (R1, R2, I1, and I2 in Figure 2) and simultaneously removing the
fluctuation and discontinuity of speed profile. The authors found that Savitzky-Golay
filter could technically satisfy the objective of the smoothening process. It is a digital
filter and generally applied to a set of data points to increase the signal-to-noise ratio
without greatly distorting the signal, which is equivalent to a curve smoothening
process [9]. This is achieved in a process known as convolution, by fitting successive
sub-sets of adjacent data points with a low-degree polynomial by the method of linear
least squares. The Savitzky-Golay filter was applied to the speed profile data of all trips
using inbuilt curve fitting tool of MATLAB. The original and smoothened speed
profiles are shown in Figure 2.
3.2 Extraction of Influence Regions 
After smoothening of speed profiles, a MATLAB program was written to calculate the
cruise speed of each trip by identifying and removing the all speed drops caused by
various friction generators. Subsequently, influence regions of all bus-stops were
extracted as per the earlier mentioned approach. To designate a speed drop as an
influence region of bus-stop, following boundary conditions should be met: (a) the
length of speed drop should be greater than 50 meters, and (b) difference between
minimum speed of speed drop and speed at which vehicle starts decelerating should be
greater than 20 km/h. These boundary conditions were set based on the empirical
observations. In total, 33 influence regions (number of observations) of bus-stops were
extracted. 
3.3 Computation of Characteristic Parameters of Influence Regions
After extracting, influence regions of bus-stops, average speed in influence region
(AS), length of influence region (LIR), % drop in average speed as compared to cruise
speed (SD), and time lag (TL) were computed for each influence region. The mean
value and 95% confidence interval bounds of all characteristic parameters are shown
in Table 4.
It is interesting to get sufficiently tighter bounds on most of the parameters in
heterogeneous traffic conditions. These tighter bounds eliminate the need of
advanced statistical analysis and obtaining mean values of these parameters fulfill
the purpose of this study. However, relationships among key parameters may be
useful for future research endeavors, which have been explored in the next
subsection. 
−Lenght of Influence Region LIR
Average speed in the Influence Region AS
Lenght of Influence Region LIR
CruiseSpeed CS
( )
( )
( )
( )
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3.4 Regression Model Development
Based on pair-wise Pearson correlation coefficients, several regression models were
developed by taking combinations of relevant dependent and independent variables. The
models were developed using the SAS institute JMP statistical analysis software package.
Finally, authors reached to a valid and insightful regression model having average speed
in influence region (AS in km/h) as an independent variable and length of influence region
(LIR, in meters) as a dependent variable. It was found that average speed in influence
region is a significant (p-value = 0.0066 < 0.05, Table 5b) predictor for influence region.
Moreover, the R-Squared value of regression model is 0.45 (Table 5a), which is
considerably high and suggests that a large proportion (around half) of variance in
length of influence region is explained by average speed in the influence region.
Moreover, positive coefficient on the average speed in influence region indicates that
Table 5: Results of regression model (AS is an independent variable, LIR is a
dependent variables)
Table 5a): Regression statistics and ANOVA 
Regression statistics Analysis of variance (ANOVA)
R-Square .45 Sum of Squares of Regression 54478
RMSE 50.8 meters Sum of Squares of Errors 65518
Number of Observations 33 Total Sum of Squares of Errors 119996
Table 5b): Parameter estimates
Variables Parameter estimates Standard error t-statistics p-value
Intercept 118.91 25.17 4.62 <.0001
AS 3.42 1.16 2.95 .0066
Table 5c): Checking assumptions of regression analysis
Homoscedasticity Linearity Normality
White’s test stats p-value Ramsey’s test Stats p-value Shapiro-Wilk p-value
(Chi-square Test) (power 2, F Test) test stats
1.88 .39 .26 .61 .30 .86
Table 4: Mean and 95% confidence interval bounds of characteristic parameters
of influence regions
Characteristic Mean 95% Confidence 95% Confidence 
parameters Interval lower bounds Interval upper bounds
Length of Influence Region (LIR) 155m 140m 170m
Cruise Speed (CS) 36.2km/h 33.6km/h 38.8km/h
Average Speed in Influence 21.8km/h 18.8km/h 24.8km/h
Region (AS)
% drop in average speed (SD) 32% 26% 38%
Time Lag (TL) 33sec 18sec 48sec
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Figure 3. Visual diagnosis of assumptions of regression model
influence regions having higher average speeds are longer in the length. The final
regression model is shown in Equation 4. 
(4)
The assumptions of homoscedasticity, linearity and normality were tested using
White’s test, Ramsey’s test and Shapiro-Wilk test respectively. Table 5c numerically
validates the assumptions of regression model as all abovementioned tests have 
p-values much higher than 0.05. Moreover, plots and histogram of residuals, shown in
Figure 3, also confirm the validity of the regression model assumptions. 
3.5 A Pilot Study at Bus Rapid Transit (BRT) Corridor in Delhi
After successful completion of this study at Khel Gaon Marg, out of curiosity, authors
planned a pilot study to quantify the stand-alone impact of bus-stops at BRT corridor
which has 3.3 meter wide central lane in each direction for the exclusive use of buses,
6.75 meter lane for motorized vehicles, and separate lane for non-motorized vehicles
along first 5.8 km out of 14 km stretch. Two trips (peak and off-peak) were made to
collect speed data at BRT corridor and location of bus-stops were collected using GPS
separately. After merging two data sets in ArcGIS, speed profiles (distance vs. speed
plots) were plotted for both trips. A visual inspection of speed profiles highlighted that
bus-stops at BRT corridor do not have stand-alone impact on the speed of the other
motorized vehicles. It was expected because buses move in a physically segregated lane
and therefore, do not reduce street-capacity at bus-stops when they stop for boarding
and alighting of passengers. 
4. CONCLUSION
The study developed a methodology to quantify the impact of bus-stops on the speed of
motorized vehicles in the heterogeneous traffic conditions. The uniqueness of the
research is featured through a study of a wide range of real world data collected during
different days and times of a day by travelling in various vehicle classes (car, three
wheelers, and two wheelers) on typical urban arterial roads of India. The study
outcomes suggest that the average length of influence region of bus-stops is 155 m with
= +LIR AS118.91 3.42 *
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95% confidence lower bound of 140 m and upper bound of 170 m (Table 4).
Considerable length of influence region of bus-stops may be insightful for transit
planners and they may want to consider it as an additional parameter, along with
community comfort, while setting spacing between the bus-stops.
It was found that the mean percentage drop in average speeds of motorized vehicles
(as compared to cruise speed) in influence regions is 32% with a 95 percent
confidence interval lower bound of 26% and upper bound of 38%, which is quite
substantial. It is certainly an important result from the traffic flow and travel demand
modeling perspective. As cruise speed used in study is analogous to the free flow
speeds (FFS) used in traffic flow modeling and corridor studies, FFS can be reduced
to account for impact of bus-stops on speed of vehicles as shown in Table 6. Traffic
and transportation modelers should be cautious in using results of this study for streets
having higher cruise speed (greater than 45km/h). In the present study, cruise speed
varies from 33.6 km/h to 38.8 km/h and traffic conditions may change for higher
cruise speeds. Therefore, the results of this study may no longer valid for arterials
having high cruise speed. 
Also, a strong positive relationship between length of influence region and average
speed in influence region was found, which may be of interest for researchers and worth
exploring in future research endeavors. Moreover, the outcomes of a pilot study at the
BRT corridor provide an additional incentive to the policy makers of developing
countries to build more such corridors, ensuring minimal interruptions in speed of other
modes of transport near bus-stops.
The study classified friction generators based on their impact i.e., friction
generators with stand-alone or combined impact on the speed of motorized vehicles.
Although, this study focused only on the stand-alone impact of the bus-stops, there
is a need to study the combined effect of friction generators in future as it was
observed that nearby located friction generators usually produce combined effects on
the speed of traffic stream. As a future research direction, the threshold distance
between friction generators can be found to designate them as the combined impact
generators. The observation about combined effects of friction generators may lead
planners to think about setting of bus-stop locations near signalized intersections. It
may nullify the extra hindrance which would have been created in case of isolated
bus-stops.
Table 6: Modified/reduced free flow speed, accounting for the impact of 
bus-stops 
Cruise speed Reduced speed (km/h)
(km/h) 5 bus-stops/10 km 10 bus-stops/10 km 15 bus-stops/10 km 20 bus-stops/10 km
30 28.94 27.96 27.04 26.18
35 33.76 32.62 31.54 30.54
40 38.59 37.28 36.05 34.91
Data used in computation: length of influence region-155 meters, % reduction in average speed of vehicle in
influence region-32% 
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The results of this study may not be directly transferable but the developed
methodology can be employed to analyze the impacts of bus-stops on the speed of
motorized vehicles at urban arterial streets of other developing countries having
heterogeneous traffic conditions. Moreover, a similar methodology can be developed to
find a relationship between theoretical and actual traffic flow capacities by collecting
distance headway and traffic volumes along with speed data. Integration of outcomes
of this study in planning and modeling practices evokes the odds of getting a minimally
interrupted and a relatively smoother traffic flow in the future.
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